The copolymerization of acenaphthylene with methylmethacrylate, ethylmethacrylate, butylmethacrylete, iso-butylmethacrylate and cyclohexylmethacrylate has been carried out in tetrahydrofuran at 323 K and the composition of the copolymers has been determined by size exclusion chromatography using a double RI-UV detector system. Several methods have been applied to obtain the reactivity ratios of the copolymerization process. The glass transition temperature of the copolymers has been obtained by DSC and the thermal stability has been studied by thermogravimetry. Analysis of the degradation volatile products reveals that copolymers degrade mainly by depolymerization.
Introduction
Poly(acenaphthylene) is a very interesting polymer due to the simplicity of its monomeric unit, the symmetry of the main chain, the bulky structure and the presence of aromatic rings whith π electron delocalization; these characteristics give the polymer interesting photochemical, photophysical and electrical properties [1] [2] [3] [4] , the abilities being improved by copolymerization [5] [6] [7] [8] [9] or by the introduction of several substituents [10] [11] [12] into its structure. However, a factor limiting the practical application of this polymer is its high transition temperature which prevent the utilization of several processing methods to obtain polymers in the desired conditions. A possible way to avoid this problem is to copolymerize this monomer with a comonomer of lower glass transition temperature to obtain a copolymer containing enough AcN units to retain the properties of poly(acenaphthylene) in the copolymer and with a lower value of the glass transition temperature.
In this contribution we have studied the copolymerization of AcN with several methacrylic monomers and the characteristic parameters of the copolymerization process have been obtained. The thermal properties of the copolymers have been determined, the degradation processes being studied as well.
Results and discussion

Composition of the copolymers
The composition of the copolymers has been obtained by SEC, using the method developed by Adams (13) and considering the fact that only acenaphthylene absorbs at 296 nm. So, if a copolymer sample is injected in the chromatograph, the area under the RI curve will be proportional to the total amount of copolymer and the area under the UV curve will be proportional to the amount of AcN present in that sample:
(2) where a RI and a UV are the area under the curves for both detectors and g C and g AcN are the amount of copolymer and AcN in the copolymer, respectively; K and K´ are proportionality constants. Considering that K C is related to the copolymer composition as follows:
where M refers to the methacrylic monomer and w is the weight fraction of each component in the copolymer, the following expression is obtained:
being R = a UV /a RI . To obtain K and K´constants several amounts of the different homopolymers were injected in the chromatograph and the area under the RI and UV curves determined; a linear relation was obtained in all cases, the slopes allowing us to determine the K and K´values (Table 1) .
In Tables 2 to 6 are included the results obtained for the copolymer compositions, F (mole fraction), as well as the molecular weights (relative to polystyrene) for all the copolymers (polydispersity was about 1.5) and homopolymers. The feed compositions, f, are included as well in the tables.
Reactivity ratios
In order to check the validity of different methods based on the terminal model, the reactivity ratios have been obtained, from f and F values, by linear methods (KelenTudös) [14] , non-linear methods (Tidwell-Mortimer) [15, 16] , as well as one statistical method, the Error in Variables Method (EVM) [17] [18] [19] [20] [21] [22] one. The reactivity ratios allows to estimate the theoretical distribution of sequences in the copolymer by calculating the probability of alternating (P 12 ) and homogeneus (P 11 ) diads: being P 12 =1-P 11 and P 21 =1-P 22 . Figure 2 shows the probabilities of the different diads as a function of the feed composition for the system AcN-MMA. As it can be deduced, both AcN and MMA units will enter into the chain, being more probable the incorporation of AcN units, except for f ACN <0.3. The rest of the systems behave in a similar manner, so that it can be concluded that the obtained copolymers are random copolymers with chains containing one or more methacrylic units between sequences built up by several AcN units. 
Glass transition temperature
In Tables 2-6 are included the values of the glass transition temperatures for all the copolymers and homopolymers. As expected, for all systems T g values are higher as the content in AcN increases, due to the higher T g for PAcN. However, as it can be observed, copolymers with a composition of approx. 50 % in AcN comonomer have a glass transition temperature below that of the PAcN in more than 100 K. With respect to homopolymers, for PMMA, PEMA and PBuMA, the T g values keep the expected relation with respect to the size of the substituent, whereas the values for PiBuMA and PCHMA reveal a lower chain flexibility than the corresponding n-alkyl homopolymers [25] due to the bulky substituents.
A study of the dependence of the glass transition temperature on the copolymer composition has been carried out; several models, as linear or quasilinear (Fox [26] and DiMarzio-Gibbs [27] theories) and those which consider the sequences distribution (Johnston [28] , Barton [29] and Couchman [30] theories) have been applied. In general, a better fit of experimental data is obtained with the latter. Figure  3 shows the application of the Couchman model to AcN-BuMA, AcN-iBuMA and AcN-CHMA systems. 
Thermal degradation
The thermograms obtained in the degradation process of the copolymers reveal that, in all cases, the thermal stability is increased with respect to that of the corresponding methacrylic homopolymer which can be explained by the higher thermal stability of PAcN; on the other hand, thermograms show that degradations occur in two steps, the second step being more evident as the content in AcN units increases. Figure 4 shows the thermograms for the AcN-iBuMA copolymers together with those of the homopolymers, PiBuMA and PAcN, and in Tables 2 to 6 are included the initial degradation temperatures of both steps for all systems. As it can be evidenced in the thermograms, in the degradation of the copolymers is not observed the initial step characteristic of depolymerization processes from unsaturated chain ends [31, 32] , which appears in the degradation of the methacrylic homopolymer; this can be due to the fact that in the copolymer the number of such end groups will be low, as termination by disproportionation does not occur in the radical polymerization of AcN and, moreover, termination of methacrylic ends might be influenced by the comonomer. On the other hand, the second step has similar characteristics as that of PAcN, which allows us to conclude that it should be related to degradation processes taking place mainly in AcN units. Figures 5 and 6 show the FTIR spectra of the volatile products originated in the degradation of two copolymers with similar content in both comonomers, AcNiBuMA-4 and AcN-CHMA-3, at different times of the process. The main products detected were the corresponding comonomers, AcN and the methacrylic monomer, iBuMA and CHMA, respectively (whose spectra are included in the Figures also). In the case of AcN-CHMA copolymers, carbon dioxide and cyclohexene are detected also. These results make evident that the degradation mechanisms are the same as for the corresponding homopolymers [31, [33] [34] [35] [36] [37] [38] [39] [40] , that is to say:
-AcN-MMA, AcN-BuMA and AcN-iBuMA copolymers: random chain scission and depolymerization processes.
-AcN-EMA and AcN-CHMA copolymers: random chain scission and depolymerization processes, as well as ester group decomposition processes, favoured by the presence of β-hydrogen atoms in the substituent, giving carbon dioxide and the corresponding alquene. 
Kinetic analysis
The kinetic study of the degradation processes has been carried out by a dynamical method over the whole range of degradation temperatures and at constant heating rate to avoid excessive mathematical complexity. Considering the degradation process as:
A(solid) → B (solid) + C (gas) Wave number (cm -1 ) the rate can be expressed by:
where α is the fraction degraded at t time, k(T) is the rate constant which is a function of temperature, and f(α) is a function of the conversion. Considering an Arrhenius dependence for k and taking into account that a constant heating rate (β) has been used, the above equation becomes:
which can be rewritten as:
being Ea and A the activation energy and the frequency factor, respectively. To avoid the approximations bearing the use of integral methods [41] [42] [43] [44] , we have applied the Dollimore [45] [46] [47] [48] method which works with the differential equation. Taking into account the characteristics of the thermogravimetric curve, the initial and final temperatures and the α max reached at the maximum degradation rate temperature, a f(α) function can be obtained so that a plot of the left logarithmic term versus T -1 gives the Ea and A values. The application of this method to the homopolymers allowed us to obtain the following functions: PAcN: f(α) = F 1 (first order) = 1-α Methacrylic homopolymers:
In the copolymer series, there is not an unique function fitting all samples of each series, since samples with a high content in a comonomer behaves as the corresponding homopolymer. For that reason, we have used a f(α) function which combines the homopolymer functions according to the copolymer composition:
where F 1 and F 2 are the mole composition of the copolymer and f 1 (α) and f 2 (α) the functions for the corresponding homopolymers. The resulting functions give a suitable fit for all samples of each series. In Tables 2 to 6 are included the Ea values for all the copolymer series (only the first degradation step has been considered for this study except for PAcN), and in Figure 7 the thermogravimetric experimental and simulated curves for several samples are compared.
Conclusions
The copolymerization of acenaphthylene with methacrylic monomers gives random copolymers with a good thermal stability and a glass transition temperature significantly lower than that of poly(acenaphthylene). AcN-MMA, AcN-BuMA and AcN-iBuMA copolymers degrade by depolymerization, as the corresponding homopolymers, whereas AcN-EMA and AcN-CHMA copolymers degrade by depolymerization and ester group decomposition.
The kinetics of the degradation processes can be described by a simple theoretical differential model, assuming additivity of the functions assigned for the degradation mechanism of the corresponding homopolymers, as a function of the composition of the samples.
Experimental
Materials
Acenaphthylene (AcN)(Fluka, purum) was recrystallized several times from hot methanol and then dried under vacuum at room temperature.
Methylmethacrylate (MMA), ethylmethacrylate (EMA), butylmethacrylate (BuMA), isobutylmethacrylate (iBuMA) and cyclohexylmethacrylate (CHMA), purchased from Fluka, were purified by standard procedures (49) and distilled under reduced pressure.
The initiator, α,α´-azobisisobutironitrile(AIBN)(Aldrich) was recrystallized from diethylether and dried under vacuum at room temperature.
The solvent, tetrahydrofuran (THF), was distilled from calcium hydride before use.
Copolymerization reactions and characterization of the copolymers
The copolymerization reactions were carried out in THF at 323 K, using comonomer ratios covering the whole composition range in all cases; AIBN was used as initiator.
The reaction mixtures were vacuum degassed through several frozen-thaw cycles and after the reaction time was complete, the copolymers were precipitated from cold methanol; they were dissolved in THF and again reprecipitated from hot methanol. Finally, the copolymers were vacuum dried at room temperature until constant weight. In all cases the reactions were accomplished until approx. 5% weight conversion in order to apply the terminal model. The same procedure was carried out to obtain the homopolymers.
The composition of the copolymers, as well as the molecular weights, were obtained by size exclusion chromatography (SEC), using a Waters instrument equipped with two Tosoh columns with an exclusion limit of 1.5.10 6 and 1.5.10 5 , with THF as eluent, at 303 K; a double detection system composed of a refractometer (Waters 2414) and an UV-VIS (Waters 2487) detector was used; polystyrene standards were employed for calibration.
Experimental techniques
The glass transition temperatures were measured by Differential Scanning Calorimetry (DSC) using a Mettler Toledo DSC 822 e equipment, under nitrogen atmosphere, at a heating rate of 10 K.min −1 . Samples of about 6 mg were used.
The thermal stability and degradation processes were studied by Thermogravimetry using a Mettler Toledo Thermobalance TGA/SDTA 851 e and a DTG-60 Shimadzu Thermobalance connected to a Nicolet Nexus FTIR Spectrometer, respectively. Measurements were carried out under nitrogen atmosphere, at a heating rate of 5 K.min −1 in all cases; samples of about 8-10 mg were used.
